Introduction
The development of the Hawaiian volcanic island chain has long been recognized as a result of the Pacific plate moving over a hotspot [Clague and Dalrymple, 1987] . However, processes associated with interaction between the upwelling of mantle materials and their final emplacement at crustal levels remain poorly also occurred with its rate decreasing from >25 cm yr-: in 1983 to < 5 cm yr -: in 1996. Although the displacement field varies with time, it does not mean that the corresponding strain field must vary with time because strain is measured by the spatial gradient of displacement. That is, if we increase the displacement vector at two points for the same amount (say Au) at a particular time window from some initial displacement value of u/and u2 at each point, respectively, then the strain between the two points remains the same. Thus an overall decrease in the magnitude of displacement in the rift system may simply indicate that the entire rift flank was translated as a rigid block at a decreaming rate. We use the horizontal displacement vectors of Delaney et al. [1998] (Figure l a) to calculate the distribution of the horizontal strain in the N45øW-S45øE direction (Figure 2a) , which shows that the linear strain in the horizontal direction is extensional, and its magnitude decreases systematically southeastward away from the rift zone.
The geodetically determined deformation field also provides constraints on the kinematic relationship between magma transport and deformation in the Mauna Loa-Kilauea rift system. Wallace and Delaney [ 1995] and Owen et al. [ 1995] suggest that the surface displacement field of the Kilauea volcanic system may be explained by a combination of both emplacement of steeply dipping dikes in the rift zone and slip along a low-angle thrust at the base of the rift flank. Because these models are purely kinematic in a sense that their boundary conditions involve no prescribed tractions, little has been learned regarding conditions of forces under which the rift system has been deformed. 
Elastic Wedge Model
The obvious difference in the predicted state of stress between the magmatic push and gravitational sliding models in and near the rift zone highlights the need for understanding boundary conditions exerted by magmatic activity toward the rift flank. However, owing to the lack of seismicity in the deeper part of the rift zone [Gillard et al., 1996] , this has been a difficult task. To resolve this problem, we explore possible mechanical causes for the occurrence of coeval normal and thrust faulting in the south rift flank of the Mauna Loa-Kilauea rift system. We take an inverse problem approach to search for plausible traction conditions in the rift zone using simple elastic solutions. That is, we assume a polynomial form of Airy stress function [Fung, 1965] satisfying partially defined boundary conditions at the top, base, and the back of the rift flank as the elastic solution of the problem. By selecting the solution that predicts the observed stress and strain distributions, we simultaneously determine the possible traction conditions in the rift zone. Although the solution of the problem obtained by this approach is not unique, because the boundary conditions are incompletely defined, they help provide possible mechanical conditions under which the Mauna Loa-Kilauea rift system has been developed. The specific predictions of the solutions can also be systematically tested by future stress and strain measurements from the rift system.
The model presented in this study follows the earlier work of Yin [1993] . However, several key differences exist between the two studies. For example, the solution obtained by Yin [1993] is valid only for a special situation, that is, Amonton's law is satisfied only at one point along the base of the wedge. However, this limitation can be easily removed as we show in the following derivation. In addition to this difference, the approach presented below uses the magmatic pressure in the rift zone as an incomplete boundary condition at the back of the wedge and at the same time considers the effect of water load on top of the elastic wedge. Finally, a more general, nonlinear form of stress distribution as a function of spatial coordinates x and y is considered. This expansion of the solution from the special case of Yin [1993] allows a general treatment of possibly varying magmatic densities at the back of the wedge.
Geometry of the Wedge and Governing Equations
Following the interpretation of Ando [1979] , Nakarnura [ 1980] , Hill and Zucca [ 1987] , and Wyss [ 1988] , we assume that the basal decollement dips at a shallow angle towards the rift zone in the Mauna Loa-Kilauea region. Therefore the rift system may be approximated as a wedge-shaped block in cross section (Figures lb, 1 c, and 3) . The deformation we intend to simulate is that of the rift flank (Figure 1) , where deformation is prominently expressed by release of seismic (elastic) energy. A region of viscous deformation may exist in the rift zone within a few kilometers near volcanic centers and magmatic chambers (Figure 3) , suppressing seismicity [e.g., Delaney et al., 1998 ].
The geometry of the wedge, the framework of reference, and key model parameters are shown in Figure 3 . In the calculation, tensile stress is positive, and pressure (compressive) is negative.
We assume that the Mauna Loa-Kilauea rift flank behaves as a homogeneous, isotropic, porous elastic medium with a uniform density and a constant pore fluid pressure gradient in the vertical direction. Under these assumptions the stress equilibrium equations in the x and y directions for a plane strain condition may be where Pw is the average rock density of the wedge, g is the gravitational acceleration, )• is the generalized Hubbert-Rubey pore fluid pressure ratio inside the wedge which is defined by [Dahlen, 1984] • = Pf + P mo g D , (1-)0Owmay be viewed together as the effective density of the wedge. Thus, to change •k is to change the body force in the system, which in turn changes the state of stress without altering boundary conditions. A general solution for the stress distribution in an elastic solid may be determined by the Airy stress function method [Fung, 1965] . We assume that the Airy stress function has the following 
where K 1 to Kll are constants to be determined by the boundary conditions and cI> satisfies the biharmonic equation [Fung, 1965] 
The Airy stress function cI> may be related to the normal and shear stress components in the x and y directions using [Fung, 1965] Crxx 
The particular solutions we are searching for are those that satisfy the boundary conditions at the base, the back, and the top of the wedge, through which constants K•-K• in (8)-(10) are to be determined.
Boundary Conditions on the Top of the Wedge
The boundary condition on the top of the wedge is defined by the load of the overlying seawater normal to the surface and zero shear stress parallel to the surface (i.e., assuming that viscosity of water is negligible). These conditions may be expressed as O'yy(X,O) = -P.2o gL, 
In the most general case, the validity of (26) 
•yy =-(1-/•)Pw g ycosa,
z=O (1-2)Pwg_s]y ' (54) a•y = •[•ma•magCOSa--COSa
Note that the effective stress in the y direction (•yy) is now reduced to a combination of a lithostatic stress and a pore fluid pressure. This relation implies that the wedge is in an isostatic equilibrium when the magma density is constant in the rift zone. The above solutions shown in (52), (53) and (54) are essentially the same as the special solutions obtained by Yin [1993] in equations (26), (27), and (28) when we set Ks = 0 in those equations.
Results
In order to have a clear physical meaning in comparing our model prediction with the observed stress and strain, our elastic wedge model needs to be qualified. Geodectically determined displacement in the Mauna Loa-Kilauea region is time-dependent [Delaney et el., 1998], which is probably one of the causes for its scattering. As we did not divide the observed strain in terms of their specific time windows being observed (Figure 2) , our treatment averages the strain over the entire period of observation that we interpret to represent an average over a geologic timescale. This assumption is consistent with the assumed boundary conditions. First, our model requires that the entire basal decollement be at the critical state of frictional sliding governed by Amonton's law. However, one may imagine that in the time interval of a few years, only a portion of the basal thrust is at the critical state that leads to earthquake rupture at a small segment of the basal decollement. When we expand the observation to hundreds of thousands of years over several tens of earthquake cycles, the entire decollement may be viewed as in the critical state for frictional sliding. Similarly, we assume in our model a time-independent distribution of magma density at the back side of the rift flank, which prevents us from modeling the effect of transient magmatic intrusion and time-dependent variation of magmatic density caused by differentiation, cooling, and reheating of magma. If our model simulates the long-term effect, then its results may answer questions such as (1) why the measured strain has an upper and lower bound and a characteristic average value and (2) also be tested by obtaining more coverage of strain measurements at the surface in the submerged part of the rift flank. This would be the key to differentiating two solutions shown in Figure 2 , both fitting the observed strain data well. Finally, the solutions presented here also highlight the need for measuring vertical strain and strain distribution in the vertical direction (i.e., the vertical gradient of the strain components).
Implications of the Model Predictions
Consideration of (1) a reasonable magnitude of the tensile traction predicted at the back side of the wedge (<-20-30 MPa), (2) a reasonable range of magnitude of the maximum shear stress within the wedge (<100 MPa), (3) an overall match of the observed stress distribution (i.e., coeval extension in the top and contraction in the bottom of the wedge), and (4) the strain variation at the surface from the Mauna Loa-Kilauea rift system led us to conclude that the solutions shown in Figure 6 Figure 8 , a large surface slope may induce extension inside the elastic wedge. However, neither the presence nor absence of a topographic slope is required to generate normal faults within the wedge according to our model (Figures 6 and 9) . Thus other mechanisms may have been responsible for creating the predicted tensile stress in the rift zone (i.e., Figures 5 and 6) . One of the possible causes is upward bending of the overall Mauna Loa-Kilauea rift system. The likelihood of this mechanism may become apparent if we compare the distribution of normal traction along the back of the wedge with that induced by bending of an elastic plate (Figure 10; cf. Figure 6c) ; both have tensile stress in the upper part, compressive stress in the lower part, and a neutral point (zero normal traction) in between that separates the two regions.
The inferred upward bending may be caused by one or a combination of the following processes (Figure 1 la): (1) upward push by buoyant magma along a narrowing-upward magma conduit, (2) emplacement of magma at the base of the volcanic pile that causes doming of the overall rift system, and (3) a bending moment produced by the buoyancy effect of the magma chamber.
Two possible interactions may have occurred between the excess compressive pressure deviating from its lithostatic pressure and the tensile stress generated by bending of the rift system. First, the compressive pressure in the upper part of the rift zone would be reduced by the presence of a tensile stress. That is, the excess pressure r0 in (36) and (39) should be viewed as a summation of two terms: r0 = rex -r6, where rex is the excess magmatic pressure of Iverson [1995] deviating from the lithostatic pressure, and Pb is the tensile stress induced by bending. In particular, P0is tensile when Pb > rex. Since these two terms determine the magnitude of P0 which in turn decides the location of the neutral point on the back of the wedge, the exact distribution of traction on the wedge back may differ from that for a pure bending situation. In the latter case, the neutral point is always located at the midpoint of the section (Figure 10b ).
An alternative explanation for the generation of the predicted tensile stress in the upper part and compressive stress in the lower part of the rift zone is that the emplacement of magma along the 
Vertical Displacement and Vertical Strain
The predicted strain in the y direction by our preferred solutions (Figures 5 and 6) can not be directly compared with the magnitude of subsidence and uplift at the surface because we do not know the vertical gradient of the vertical displacement through which we can calculate the vertical linear strain. However, some qualitative comparisons could be made. First, the predicted strain near the rift zone in the y direction is contractional (i.e., vertical thinning) with its maximum value centered at the back of the wedge. This matches well the observed maximum subsidence in the rift zone (Figures 5e and 6e) . Second, the predicted strain in the y direction for the frontal part of the rift flank is contractional (i.e., vertical thickening, see Figure 5e ), which may explain why the rift flank is uplifted. Although the predicted and the observed vertical displacement patterns are qualitatively consistent, the measured vertical displacement at the surface with respect to the sea level may be contributed by at least three processes: (1) internal deformation of the rift flank as simulated by this study, (2) thermal subsidence induced by cooling of the magma chambers or uplift caused by inflation of the magma chamber, and (3) the upslope translation of the wedge-shaped block along the basal decollement. The last two processes cause an upward translation of the reference framework used by this study (see Figures 2 and 3) . Unless the last two sources of vertical motion for the rift system can be removed and the vertical gradient of the vertical displacement (i.e., the vertical strain) can be measured, it is at present difficult to compare our vertical strain results directly against the observed subsidence and uplift pattern in the Kilauea region.
Fault Patterns in Cross Section
Although the predicted fault patterns in this study (e.g., Figure  6a 
Lava Fountains in Puu Oo
The Lava pond in Puu Oo (Figure 1) had maintained a static level of 20-200 m above the ground surface during which the surface displacement data were used to match our model prediction. This observation appears to contradict our model result that P0 is negative, requiring the rift zone at the surface in tension. As we mentioned above, P0 should be viewed as a composite term that represents the sum of excess magmatic pressure and the regional stress that superimposed on. Thus only looking at its net value cannot constrain the excess magma pressure. Leaving this interpretation aside, there are at least two other ways to explain this observation. First, the high excess magmatic pressure as expressed by eruption of magma in Puu Oo is related to degassing of the volatile in the very top part of the magma chamber. This means that the excess pressure is both short-lived in time and localized in space (that is, only the very top part of the magma chamber and the wedge back are affected by this boundary condition). However, the excess pressure as defined by P0 in our model is applied for the entire back of the wedge over the length of the rift zone. When considering that our model deals with the long-term average state of stress in the rift flank, the transient process of magma eruption may be regarded as a small perturbation to the background stress state modeled by our elastic solutions. Second, the explanation for the excess magmatic pressure in Puu Oo might be even simpler. Puu Oo is located at a relatively low elevation (-700 m above the sea level) in the rift zone that connects with the Kilauea volcanic summit (-1300 m) and Mauna Loa summit (>3000 m). Such a difference in magma head is sufficient to allow molten magma to migrate via underground fractures along the rift zone from high regions to low regions. It would not be surprising if the magma fountain goes even higher if this driving mechanism indeed operates, as the pressure head be- 
